Nature's ability to generate diverse natural products from simple building blocks has inspired combinatorial biosynthesis. The knowledge-based approach to combinatorial biosynthesis has allowed the production of designer analogs by rational metabolic pathway engineering. While successful, structural alterations are limited, with designer analogs often produced in compromised titers. The discovery-based approach to combinatorial biosynthesis complements the knowledge-based approach by exploring the vast combinatorial biosynthesis repertoire found in Nature. Here we showcase the discovery-based approach to combinatorial biosynthesis by targeting the domain of unknown function and cysteine lyase domain (DUF-SH) didomain, specific for sulfur incorporation from the leinamycin (LNM) biosynthetic machinery, to discover the LNM family of natural products. By mining bacterial genomes from public databases and the actinomycetes strain collection at The Scripps Research Institute, we discovered 49 potential producers that could be grouped into 18 distinct clades based on phylogenetic analysis of the DUF-SH didomains. Further analysis of the representative genomes from each of the clades identified 28 lnm-type gene clusters. Structural diversities encoded by the LNM-type biosynthetic machineries were predicted based on bioinformatics and confirmed by in vitro characterization of selected adenylation proteins and isolation and structural elucidation of the guangnanmycins and weishanmycins. These findings demonstrate the power of the discovery-based approach to combinatorial biosynthesis for natural product discovery and structural diversity and highlight Nature's rich biosynthetic repertoire. Comparative analysis of the LNM-type biosynthetic machineries provides outstanding opportunities to dissect Nature's biosynthetic strategies and apply these findings to combinatorial biosynthesis for natural product discovery and structural diversity.
Nature's ability to generate diverse natural products from simple building blocks has inspired combinatorial biosynthesis. The knowledge-based approach to combinatorial biosynthesis has allowed the production of designer analogs by rational metabolic pathway engineering. While successful, structural alterations are limited, with designer analogs often produced in compromised titers. The discovery-based approach to combinatorial biosynthesis complements the knowledge-based approach by exploring the vast combinatorial biosynthesis repertoire found in Nature. Here we showcase the discovery-based approach to combinatorial biosynthesis by targeting the domain of unknown function and cysteine lyase domain (DUF-SH) didomain, specific for sulfur incorporation from the leinamycin (LNM) biosynthetic machinery, to discover the LNM family of natural products. By mining bacterial genomes from public databases and the actinomycetes strain collection at The Scripps Research Institute, we discovered 49 potential producers that could be grouped into 18 distinct clades based on phylogenetic analysis of the DUF-SH didomains. Further analysis of the representative genomes from each of the clades identified 28 lnm-type gene clusters. Structural diversities encoded by the LNM-type biosynthetic machineries were predicted based on bioinformatics and confirmed by in vitro characterization of selected adenylation proteins and isolation and structural elucidation of the guangnanmycins and weishanmycins. These findings demonstrate the power of the discovery-based approach to combinatorial biosynthesis for natural product discovery and structural diversity and highlight Nature's rich biosynthetic repertoire. Comparative analysis of the LNM-type biosynthetic machineries provides outstanding opportunities to dissect Nature's biosynthetic strategies and apply these findings to combinatorial biosynthesis for natural product discovery and structural diversity.
combinatorial biosynthesis | leinamycin | natural products discovery | structural diversity | genome mining N atural products offer unmatched chemical and structural diversity compared with any other small-molecule families (1) . Polyketides and nonribosomal peptides, including polyketide-nonribosomal peptide hybrids, are two of the most structurally diverse families of natural products that exhibit broad biological activities, and include some of the most important clinical drugs. While remarkably diverse in structure, the molecular logic for the biosynthesis of these natural products is deceivingly simple, at least conceptually, featuring modular polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPSs), or PKS-NRPS hybrids. The complex and highly functionalized molecular scaffolds of polyketides, nonribosomal peptides, or hybrids thereof are derived from simple building blocks, for example, acyl-CoAs, amino acids, or both, which are activated, incorporated, and further modified as needed by dedicated PKS and NRPS domains and modules within the biosynthetic machinery (2) (3) (4) . It is the modularity of PKSs and NRPSs that has provided the mechanistic foundation for and inspired the practice of combinatorial biosynthesis to generate polyketide and nonribosomal peptide structural diversity in the past three decades. Today, as an innovative technology, combinatorial biosynthesis has been applied to engineer the biosynthetic machinery of every family of natural products for the production of novel analogs (5) (6) (7) (8) (9) (10) .
Combinatorial biosynthesis is traditionally defined as the generation of natural product analogs through the use of genetic engineering of biosynthetic pathways (5, 11) (Fig. 1 ). All existing combinatorial biosynthesis strategies are based on the collective knowledge of the biosynthetic machinery; that is, proteins of known function can be mapped back to their encoding genes, manipulation of which affords the engineered biosynthetic pathways that produce the designer natural products. This "knowledgebased" approach to combinatorial biosynthesis is limited, obviously, Significance Leinamycin (LNM) is a promising anticancer drug lead, yet no analog has been isolated since its discovery nearly 30 y ago. By mining bacterial genomes, we discovered 49 potential producers of LNM-type natural products, the structural diversity of which was predicted based on bioinformatics and confirmed by in vitro characterization of selected enzymes and structural elucidation of the guangnanmycins and weishanmycins. These findings demonstrate the power of the discovery-based approach to combinatorial biosynthesis for natural product discovery and structural diversity. New members of the LNM family of natural products should greatly facilitate drug discovery and development. The LNM-type biosynthetic machineries provide outstanding opportunities to dissect and mimic Nature's strategies for combinatorial biosynthesis and natural product structural diversity.
by what is known about the biosynthetic machinery and how this knowledge can be exploited to construct designer pathways (5) (6) (7) (8) (9) (10) (11) . A typical outcome of knowledge-based combinatorial biosynthesis is the modification of one targeted functional moiety at a time, while keeping the rest of the natural product scaffold unchanged (Fig. 1) .
Through evolution, Nature has sampled innumerable combinations of genes, proteins, and pathways to create natural product structural diversity and optimize their biosynthesis and production (1, (11) (12) (13) . To exploit what Nature has already developed, a "discovery-based" approach to combinatorial biosynthesis could be envisaged to search for new natural products, featuring targeted scaffolds or functional groups, by mining Nature's biosynthetic reservoir using a key gene, or a fragment of it, as a signature probe (Fig. 1) . In this context, the discovery-based approach to combinatorial biosynthesis provides an opportunity to explore natural product structural diversity by leveraging the preexisting combinatorial biosynthesis repertoire found in Nature (11, (14) (15) (16) (17) . Complementing the knowledge-based approach to combinatorial biosynthesis, the discovery-based approach affords natural products with a targeted structural moiety, while allowing the rest of the natural product scaffold to vary (Fig. 1) .
Leinamycin (LNM), first isolated from Streptomyces atroolivaceus S-140 in 1989, features a unique 1,3-dioxo-1,2-dithiolane moiety that is spirofused to an 18-membered macrolactam ring (18, 19) (Fig. 1 and SI Appendix, Fig. S1 ). LNM exhibits potent antitumor activity and is active against tumors that are resistant to clinically important anticancer drugs. Upon reductive activation in the presence of cellular thiols, LNM exerts antitumor activity by an episulfonium ion-mediated DNA alkylation, a mode of action that is unprecedented among all DNA-damaging natural products (20) (SI Appendix, Fig. S1C ). Therefore, LNM has been pursued as a promising anticancer drug lead (20) .
We have previously cloned and sequenced the lnm gene cluster from S. atroolivaceus S-140 (21, 22) (SI Appendix, Fig. S1 A and B). Characterizations of the LNM biosynthetic machinery have since revealed novel chemistry, enzymology, and molecular logic for natural product biosynthesis. The thiazole-containing 18-membered macrolactam backbone of LNM is synthesized by a hybrid NRPS-PKS, featuring (i) the first experimentally confirmed acyltransferase (AT)-less type I PKS (22, 23) , (ii) a novel pathway for β-alkylation in polyketide biosynthesis (24) (25) (26) , and (iii) an unprecedented domain of unknown function (DUF) and cysteine lyase domain (SH) (i.e., the DUF-SH didomain) for sulfur incorporation into a polyketide backbone (27) (SI Appendix, Fig. S1B ). These findings have enabled us to apply knowledge-based combinatorial biosynthesis strategies to the LNM biosynthetic machinery for LNM structural diversity, yielding leinamycin E1 (LNM E1) as the nascent product of the LNM hybrid NRPS-PKS (Fig. 1) . Strikingly, LNM E1, complementary to reductive activation of LNM by cellular thiols, can be oxidatively activated by cellular reactive oxygen species (ROS) to generate a similar episulfonium ion, thereby alkylating DNA and leading to eventual cell death (28) (SI Appendix, Fig. S1C ). LNM E1 therefore represents a novel anticancer drug lead that exploits the elevated level of ROS as a means to target cancer cells (28) .
Since its discovery nearly 30 y ago (18, 19) , LNM has remained the only member known for this family of natural products. Considering the potent antitumor activities of LNM and LNM E1, their fascinating modes of action, and the promise of LNM and LNM E1 as novel anticancer drug leads, as well as the rich chemistry and enzymology associated with the LNM biosynthetic machinery, we set out to search for novel members of the LNM family of natural products by exploring Nature's combinatorial biosynthesis repertoire. We report here the use of the discoverybased approach to combinatorial biosynthesis by using the DUF-SH didomain, specific for sulfur incorporation from the LNM biosynthetic machinery, as a probe to target LNM analogs that feature the characteristic sulfur-containing moiety (Fig. 1) . By mining the genomes from both public databases [National Center for Biotechnology Information (NCBI) and Joint Genome Institute (JGI)] and the actinomycetes strain collection at The Scripps Research Institute (TSRI), we discovered 49 potential producers that could be grouped into 18 distinct clades based on phylogenetic analysis. Further analysis of the representative genomes from each of the clades identified 28 lnm-type gene clusters. Structural diversity encoded by the LNM-type biosynthetic machineries was first predicted based on bioinformatics analysis and subsequently confirmed by isolation and structural elucidation of the guangnanmycins (GNMs) and the weishanmycins (WSMs), members of the LNM family of natural products, and in vitro scanning of the substrate specificities of adenylation proteins from representative biosynthetic machineries. These findings demonstrate the power of the discoverybased approach to combinatorial biosynthesis for natural product discovery and structural diversity (11) (12) (13) (14) (15) (16) (17) .
Results
Genome Mining of Public Databases Identifying 19 Potential Producers of the LNM Family of Natural Products. To explore Nature's combinatorial biosynthesis repertoire for the LNM family of natural products, we first carried out a virtual survey of all bacterial genomes in public databases (as of March 2017, ∼48,780 bacterial genomes, including ∼12,000 actinobacterial genomes, are available in the NCBI and JGI online databases) using the DUF-SH didomain Fig. 1 . Two complementary approaches to LNM structural diversity by combinatorial biosynthesis. (A) Knowledge-based approach by inactivating lnmE in S. atroolivaceus S-140, affording the SB3033 mutant strain that specifically produced LNM E1 (28) . Shaded groups denote changes resulting from the ΔlnmE mutation. Red * indicates the lnmE gene that has been inactivated. (B) Discovery-based approach by targeting the DUF-SH didomain to mine bacterial genomes, affording strains that are predicted to produce a family of LNM-type natural products as exemplified by GNM A. The shaded group denotes the structural feature targeted by the DUF-SH didomain (27) .
from the LNM biosynthetic machinery as a probe, identifying 19 lnm-type gene clusters from 19 different strains (SI Appendix, Fig. S2 and Table S1 ). Bioinformatics analysis revealed that each of the gene clusters featured a hybrid NRPS-AT-less type I PKS that consisted of two NRPS modules and six PKS modules and was predicted to assemble an LNM-like 18-membered macrolactam scaffold ( Fig. 2 and SI Appendix, Fig. S3 ). Notably, among the 19 strains identified, 18 of them belong to the order Actinomycetales (SI Appendix, Fig. S2 and Table S1 ).
Genome Survey of 5,000 Actinomycetes at TSRI Identifying an Additional 30 Potential Producers of the LNM Family of Natural Products. Inspired by the accuracy and specificity of the virtual genome mining, we next screened the actinomycetes strain collection at TSRI (17) for additional producers of the LNM family of natural products. We first adapted our recently developed high-throughput real-time PCR method for strain prioritization (14) (SI Appendix, Fig. S2 ), using degenerate primers that targeted a 0.6-kb internal fragment of the DUF-SH didomaincoding region (27) (SI Appendix, Tables S2 and S3). Upon surveying 5,000 strains from TSRI actinomycetes collection, we identified 72 hits, the identities of which were confirmed by sequencing a 1.2-kb internal fragment of the DUF-SH didomaincoding region; the translated amino acid sequences show 36 to 99% identity to the 19 DUF-SH didomains identified from public databases. The 72 initial hits were then dereplicated to 30 distinct hits on the basis of their 1.2-kb DNA sequences, taxonomy, and geographic locations where they were isolated (SI Appendix, Fig. S2 and Table S1 ). Finally, we sequenced the genomes of 9 representative hit strains, revealing that each strain contained one distinct lnm-type gene cluster ( Fig. 2 and SI Appendix, Table S1 ).
Bioinformatics Analysis Revealing Remarkable Potential of Structural
Diversity for the LNM Family of Natural Products. We next subjected the 49 hit strains (19 from public databases and 30 from TSRI strain collection), with the known LNM producer S. atroolivaceus S-140 as a reference (21, 22) , to phylogenetic analysis, using the amino acid sequences translated from the 1.2-kb internal fragments of the DUF-SH didomain-coding regions (27) (SI Appendix, Fig. S3B ). The 49 hits could be grouped into 18 distinct clades when subjected to 70% amino acid identity cutoff ( Fig.  2A) . Modeled on the LNM biosynthetic machinery, biosynthesis of the LNM family of natural products could be divided into two stages: (i) biosynthesis of the nascent 18-membered macrolactam intermediates, such as LNM E1, from the acyl-CoA and amino acid building blocks by the hybrid NRPS-AT-less type I PKS; and (ii) tailoring of the nascent NRPS-PKS intermediates into Fig. 2 . Survey of bacterial genomes (∼48,780) available from public databases and strains (∼5,000) from the actinomycetes collection at TSRI (including ∼100 from the Naicons collection and ∼500 from Myongji University), identifying 49 potential producers for LNM-type natural products by targeting the DUF-SH didomain. (A) Phylogenetic analysis of the 49 producers, based on the translated 1.2-kb internal fragment of DUF-SH didomains (27) and with S. atroolivaceus S-140 as a reference (21), affording 18 distinct clades (clades I to XVIII) when subjected to ∼70% amino acid identity cutoff (also see SI Appendix, Fig. S3B ). CalE6 (AAM94792) from Micromonospora echinospora was used as the outgroup. Numbers in parentheses are the hits identified from each of the clades. Representative hits from each of the clades that have been genome-sequenced are listed. Blue dots indicate the nine hits from TSRI collection whose genomes have been sequenced. The strains from which the production of LNM-type natural products has been confirmed are highlighted in red. (B) The 28 lnm-type gene clusters from 17 of the 18 clades, in comparison with the lnm gene cluster (clade I), highlighting the rich structural diversities of the encoded family of LNM-type natural products. Clusters within the same clades are highly homologous, indicative of producing highly similar natural products. Genes are color-coded based on their proposed functions (see SI Appendix, Tables S4-S36 for annotations).
the final natural products, such as LNM (27, 28) (SI Appendix, Fig. S1 A and B) . Thus, using the lnm gene cluster as a reference (21, 22 ) (SI Appendix, Table S23 ), we annotated 28 representative lnm-type gene clusters from the total of 49 identified hit strains (Fig. 2B ), including 19 from public databases (SI Appendix, Tables S4-S22) and 9 from TSRI strain collection (SI Appendix, Tables S23-S31 ). The 28 lnm-type gene clusters represented hits from 17 of the 18 clades (clade VI was the only exception for which the Streptomyces sp. CB04103 strain has not been sequenced) ( Fig. 2A) . In analogy to LNM, the 28 biosynthetic machineries all feature an eight-module hybrid NRPS-AT-less type I PKS biosynthetic machinery, including two NRPS modules (loading module and module-2), six PKS modules (module-3 to module-8), and enzymes for β-alkylation, all of which together are responsible for the biosynthesis of a nascent 18-membered macrolactam intermediate. Close examination of the domain compositions for each of the modules among the different biosynthetic machineries further revealed that while NRPS module-2 and PKS module-3, -4, and -8 were highly conserved, indicative of structural similarity, distinct features could be readily found within the NRPS loading module and PKS module-5, -6, and -7, indicative of structural variations among the resultant 18-membered macrolactam scaffolds (SI Appendix, Fig. S3 ). It is also worth noting that while the hits from different clades yield distinct lnm-type gene clusters, the hits from the same clade afford highly homologous lnm-type gene clusters, as exemplified by the multiple clusters from clades I, V, VII, IX, XII, and XV, respectively ( Fig. 2 and SI Appendix, Tables S23 and S32-S36). These findings support our strategy of using DUF-SH didomain sequence phylogeny as a reference to further streamline genome mining of the hits for novel members of the LNM family of natural products. NRPS loading module. The NRPS loading module of the LNM biosynthetic machinery consists of an adenylation (A) protein LnmQ and a peptidyl carrier protein (PCP) LnmP, which are responsible for the selection, activation, and incorporation of the starting amino acid D-Ala into LNM, hence determining the substitution pattern at the C17 position for the LNM family of natural products (SI Appendix, Fig. S1B ). Phylogenetic analysis of the A proteins, including LnmQ and its homologs from all of the LNM-type pathways, revealed two major groups (Figs. 2B and 3A). Homologs in the form of discrete A proteins (clades I to III and IX to XII) tend to cluster with LnmQ (group I), while homologs in the form of A domains, which are fused with their PCP counterparts (i.e., as an A-PCP didomain protein) (clades IV and V, VII and VIII, and XIV, XV, and XVIII), form group II (Figs. 2B and 3A) . In group I, LnmQ is the only functionally characterized A protein that is specific for D-Ala (29) , and the other members, with the exception of CB01635_Q, do not match any of the specificity-conferring codes for known A proteins (30) (SI Appendix, Table S37 ), indicating the potential for the activation of other amino acids. The A domains from group II are predicted to use L-Thr as a substrate according to the specificityconferring codes for known A domains (30) (SI Appendix, Table  S37 ). Furthermore, the LNM-type biosynthetic machineries encoded by CB02613 (clade XVI) and Salinispora arenicola CNH964 (clade XVII) each contains two putative A proteins that fell out of the two main groups based on phylogenetic analysis (Figs. 2B and 3A) . In addition to the A-PCP didomain, CB02613_Z17 and Sal964_D each contains an extra N-terminal region (∼200 residues), while CB02613_M and Sal964_T each contains a similar N-terminal region and an additional C-terminal thioesterase (TE)-like domain. Amino acid substrate specificity of these putative A domains could not be predicted bioinformatically (30) (SI Appendix, Table S37 ). PKS module-5, -6, and -7. Different domain compositions of PKS module-5, -6, and -7 have been found in most of the LNM-type biosynthetic machineries (SI Appendix, Fig. S3C ). While the collinear model of modular PKS allows correlations between domain organizations and the resulting structural moieties in the nascent polyketide products, in analogy to the LNM biosynthetic (29), revealing two major groups. AfsK (BAA08229) from Streptomyces coelicolor was used as the outgroup. Roman numerals in parentheses refer to the corresponding clades shown in Fig. 2A . The architectures of A proteins from different groups are shown (Right), with A as a discrete protein (group I), A-PCP didomain (group II), and A-PCP accompanied by an extra N-terminal sequence (?) with/without an additional C-terminal thioesterase domain (the rest). The colored dots denote A proteins whose substrate specificities have been confirmed experimentally or deduced from the isolated natural products: green, D-Ala; red, ACC; blue, L-Thr; black, preferred substrate not detected among the 22 amino acids tested (also see SI Appendix, Table  S37 for substrate specificities predicted based on the NRPS codes). (B) In vitro assay of representative A proteins to determine their substrate specificities, as exemplified by GnmS, WsmQ, and CB01373_Q that specify ACC, D-Ala, and L-Thr, respectively (also see SI Appendix, Fig. S29 ). Error bars are generated from three replicates. machinery (SI Appendix, Fig. S1B ), the insertion of the enoylCoA hydratase (ECH2) domain in module-5, the lack of the acyl carrier protein (ACP 6-1 ), methyltransferase (MT), or dehydratase (DH) domain in module-6, the missing of the DH domain in module-7, or any combination thereof, would suggest structural variations for the corresponding moieties of the nascent polyketide products (SI Appendix, Fig. S3 ). β-Alkyl branches. β-Alkylation of the growing polyketide intermediates imbues additional structural variations to the nascent polyketide products (24) (25) (26) 31) . A β-alkyl branch is typically installed by the hydroxymethylglutaryl-CoA synthase (HCS)-catalyzed condensation of an acyl-S-ACP with a β-keto group of the growing ACP-tethered polyketide intermediate (31) . The resultant β-hydroxyacyl-S-ACP intermediate would further undergo dehydration and/or decarboxylation catalyzed by ECH1 and ECH2, respectively (SI Appendix, Fig. S4 ). Thus, in analogy to the LNM biosynthetic machinery (21) (22) (23) (24) (25) (26) (27) (28) (29) , potential variations that would lead to the diverse structural outcomes for the LNM family of natural products, including varying β-alkylation at C3 and C9, acetyl-or propionyl-S-ACP as the preferred substrates by HCSs, and different modifications after condensation by ECH1 alone or in combination with ECH2, have all been found within PKS module-5 or module-8 in the identified biosynthetic machineries (SI Appendix, Figs. S3-S5). DUF-SH didomains. While the domain organization of PKS module-8 is absolutely conserved among the identified biosynthetic machineries (SI Appendix, Fig. S3 ), close examination of the associated HCSs, which catalyze β-alkylation at the C3 position of the full-length β-ketoacyl-S-ACP intermediates attached to PKS module-8, revealed that they could be grouped into two clusters according to acetyl-or propionyl-S-ACP as the preferred substrates (SI Appendix, Figs. S3-S5 ). Since β-alkylation is the prerequisite for installing the SH group into the polyketide backbone by the DUF-SH didomain, as exemplified by the LNM biosynthetic machinery (27, 28) (SI Appendix, Fig. S1B ), we wondered if there would be a correlation between β-alkylation and sulfur incorporation chemistry. Indeed, phylogenetic analysis of either the DUF or the SH domains yielded similar clustering as HCSs (SI Appendix, Fig. S5 vs. SI Appendix, Fig. S6 ), suggesting potentially distinct chemistry for the DUF-SH didomains to install the SH group into the polyketide backbones bearing varying β-branches at the C3 position. Tailoring enzymes. While previous studies of LNM biosynthesis allowed the correlation of the hybrid NRPS-AT-less type I PKS to the structural features of the nascent 18-membered macrolactam intermediate LNM E1 (21) (22) (23) (24) (25) (26) (27) (28) (29) , the tailoring enzymes responsible for converting LNM E1 to LNM were poorly understood (27, 28) (SI Appendix, Fig. S1 A and B) . To probe the novel tailoring enzymes encoded in the lnm-type gene clusters, we constructed a genome neighborhood network (GNN) (12, 17) to facilitate the overall analysis of conservation and variation of proteins from all of the LNM-type biosynthetic machineries (SI Appendix, Fig. S7 ). The GNN analysis revealed that homologs of LnmDEHXZ′ are fairly conserved, indicating their common functions in the biosynthesis of the LNM family of natural products. Notably, the biosynthetic machineries are diverse and rich in new chemistries, featuring enzymes that are unprecedented compared with those of the LNM biosynthetic machinery, such as methyltransferase, aminotransferase, hydrolase, FAD-dependent oxidoreductase, halogenase, and enzymes without predictable functions, hence suggesting tailoring modifications that would lead to additional structural diversity for the LNM family of natural products ( Fig. 1 and SI Appendix, Fig. S7 ).
Guangnanmycins from Streptomyces sp. CB01883 and Weishanmycins from Streptomyces sp. CB02120-2 Confirming the Hits as Producers of the LNM Family of Natural Products. All 49 hits were subjected to fermentation optimization and prioritized for natural product dereplication based on their metabolite profiles. Combined with structural novelties predicted according to the lnm-type gene clusters, S. sp. CB01883 and S. sp. CB02120-2 were selected to showcase the isolation and structural elucidation of new members of the LNM family of natural products. GNMs from S. sp. CB01883. Strain S. sp. CB01883 in clade IX contains the gnm gene cluster that differs from the lnm gene cluster in both genetic organization and encoded enzymes (Figs. 2 and 4A and SI Appendix, Fig. S7 and Table S28 ). To facilitate the identification of the gnm cluster-specific natural products, we first constructed the mutant strain SB21001 (i.e., ΔgnmB) (SI Appendix, Fig. S8) , in which the gnmB gene encoding NRPS module-2 was deleted (SI Appendix, Fig. S9 ), and its complementation recombinant strain SB21002 (i.e., SB21001/pBS21005), in which the deleted gnmB gene was provided in trans by pBS21005 that constitutively expressed gnmB under the control of the strong promoter kasO* (SI Appendix, Tables S2 and  S3 ). The CB01883 wild-type strain was then fermented under the same condition for LNM production by S. atroolivaceus S-140 (21, 22) , with both SB21001 and SB21002 as controls. HPLC analysis of the fermentation revealed two distinct metabolites from the CB01883 wild-type strain, whose production was completely abolished in SB21001 and partially restored in SB21002, confirming that these metabolites are encoded by the gnm gene cluster (Fig. 4B , I-III). S. sp. CB01883 was isolated from a soil sample collected in Guangnan County, Yunnan Province, China, and we therefore named the metabolites from CB01883 guangnanmycins.
The two major metabolites from CB01883 were isolated and named GNM A (0.5 mg/L) and B (0.1 mg/L) (Fig. 4 B and C) . The structures of GNM A and GNM B were established on the basis of high-resolution mass spectrometry (HRMS) and onedimensional (1D) and 2D NMR spectroscopy (SI Appendix, Figs. S10-S12 and Tables S38 and S39 ). On the basis of their common biosynthesis (SI Appendix, Fig. S9 ), we proposed that GNM A and B share the same absolute configuration at C3, which was determined to be 3S, opposite to that found in LNM, by analyzing the differences of the chemical shifts in 1 H NMR of H2 and H23 between the (R)-and (S)-phenylglycine methyl ester (PGME) derivatives of GNM B2 (32) (Fig. 4D and SI Appendix, Figs. S13-S15 and Table S40 ). This method, based on the anisotropic effect of the auxiliary PGME group to determine the absolute stereochemistry at C3, was first validated with LNM E2 as a positive control (Fig. 4E and SI Appendix, Figs. S13, S16, and S17 and Table S41), whose absolute configuration at C3 has been unambiguously established previously (28) . In addition, several interesting structural features, including a cyclopropane ring at C17, methyl substitution at C12, terminal double bond at C9, carboxymethyl group at C3, and methyldithiol (or thiol) group at C3, are found in GNM A (or GNM B), all of which differ from those of LNM (Figs. 1 and 4C ) and could be partially correlated with the variations predicted for NRPS module-1 and PKS module-3, -5, and -8, as well as the tailoring enzymes in the GNM biosynthetic machinery (SI Appendix, Figs. S1 and S9). Furthermore, the incorporation of a small strained cyclopropane ring into GNM A and B pushed the thiazole ring to a direction with its H15 pointing to the inside of the 18-membered macrolactam ring, which could be observed from the ROESY correlation between H15 and H11 ( Fig. 4C and SI Appendix, Fig. S10 ). The spirofusion of a cyclopropane ring to the 18-membered macrolactam ring also changed the physicochemical property of the secondary N-cyclopropyl amide, and an increased ratio (∼2:1) of two rotamers was detected in DMSO-d 6 solution at room temperature (33) (SI Appendix, Figs. S10 and S11). WSMs from S. sp. CB02120-2. Strain S. sp. CB02120-2 in clade XII harbors the wsm gene cluster with different genetic organization and encoded proteins from both the lnm and gnm gene clusters (Figs. 2 and 4A and SI Appendix, Fig. S7 and Table S30 ). To facilitate the discovery of wsm gene cluster-encoded natural products, we also made a mutant strain, SB22001 (i.e., ΔwsmW) (SI Appendix, Fig. S18 ), in which the wsmW gene encoding NRPS module-2 was deleted, hence inactivating the WSM biosynthetic machinery (SI Appendix, Fig. S19 ). Both the CB02120-2 wildtype and the SB22001 mutant strains were fermented under the same condition for LNM production by S. atroolivaceus S-140 (21, 22) . Comparison of the metabolic profiles between the CB02120-2 wild-type and the SB22001 mutant strains by HPLC analysis revealed two distinct metabolites whose biosynthesis could be readily correlated to the wsm gene cluster (Fig. 4F, I and II) . S. sp. CB02120-2 was isolated from a soil sample collected in Fig. S14 for details) . (E) Confirmation of the absolute configuration of LNM E2 at C3 to be R as shown based on the differences of the chemical shifts in 1 H NMR of H4, H5, and H22 between the (R)-and (S)-PGME derivatives of LNM E2 (see SI Appendix, Fig. S16 for details) . (F) HPLC analysis of fermentations of the S. sp. CB02120-2 wild-type (I), SB22001 (i.e., ΔwsmW) (II), SB22002 (i.e., ΔwsmZ3) (III), SB22003 (i.e., ΔwsmZ3/pBS22006) (IV), SB22004 (i.e., ΔwsmZ4) (V), and SB22005 (i.e., ΔwsmZ4/pBS22008) (VI) mutant strains. (G) Structures of WSMs isolated from the S. sp. CB02120-2 wild-type strain. (H) Determination of the absolute configuration of WSMs at C3 to be S as shown based on the differences of the chemical shifts in 1 H NMR of H2 and H24 between (R)-and (S)-PGME derivatives of WSM A2 (see SI Appendix, Fig. S24 for details) . H a and H b denote one of the two geminal hydrogens appearing at lower and higher field, respectively, in 1 H NMR. GNM A, •; GNM B, ◆; GNM B1, ◇; GNM B2, ○; GNM B3, ▼; WSM A1, ✦; WSM A2, ∇.
Weishan County, Yunnan Province, China, and we therefore named the metabolites from CB02120-2 weishanmycins.
The two metabolites, together with a third metabolite produced in significantly lower titer that eluded initial HPLC analysis of the fermentation, were isolated from CB02120-2 and named WSM A1 (1.4 mg/L), A2 (1.5 mg/L), and A3 (0.2 mg/L). The structures of WSMs were similarly established based on extensive HRMS and 1D and 2D NMR analysis ( Fig. 4G and SI Appendix, Figs. S20-S23 and Table S42 ). WSM A1, A2, and A3 were assumed to have the same absolute configuration at C3 based on their common biosynthesis (SI Appendix, Fig. S19 ), which was similarly determined to be 3S, the same as that found in GNMs, by analyzing the differences of the chemical shifts in 1 H NMR of H2 and H24 between the (R)-and (S)-PGME derivatives of WSM A2 (Fig. 4H and SI Appendix, Figs. S13, S24 , and S25 and Table S43 ). The 3S assignment was further supported by the NOE correlation between 24-H a and 18-CH 3 (Fig. 4H) , which was attached to C17 with its absolute configuration being defined by the incorporation of D-Ala by the WSM NRPS loading module (i.e., WsmQP) (Fig. 3B and SI Appendix, Fig. S19 ). WSM A1, A2, and A3 all featured the characteristic tetrahydrothiopyran ring system, which could be envisaged deriving from WSM A, the proposed nascent 18-membered macrolactam intermediate of the WSM biosynthetic machinery, via a similar oxidative mechanism in analogy to LNM and LNM E1 (28) (SI Appendix, Figs. S1C and S19). However, all attempts to detect WSM A throughout the time course of CB02120-2 fermentation were unsuccessful.
Other than the new structural features already found in the GNMs, the presence of a propyl side chain at C12 of the WSMs is noteworthy, suggesting a unique propylmalonyl-derived extender unit being incorporated by WSM PKS module-3 (Fig. 4G) . While no obvious differences in WSM PKS module-3 could be readily observed bioinformatically (SI Appendix, Fig. S3 ), we noticed the presence of a three-gene operon, wsmZ2-wsmZ3-wsmZ4, near the boundary of the wsm gene cluster (Fig. 4A and SI Appendix, Fig.  S19 ), which encodes a crotonyl-CoA carboxylase/reductase (CCR), ketoacyl-acyl carrier protein synthase III (KAS III), and 3-hydroxyacyl-CoA dehydrogenase (HCDH). CCR and associated enzymes are known to mediate the formation of a variety of substituted malonyl-CoA derivatives that could be incorporated as extender units by PKSs into polyketide natural products (34) . To investigate the role the WsmZ2/WsmZ3/WsmZ4 cassette may play in WSM biosynthesis, we deleted wsmZ3 or wsmZ4 in CB02120-2 to afford the mutant strains SB22002 (i.e., ΔwsmZ3) or SB22004 (i.e., ΔwsmZ4), respectively (SI Appendix, Fig. S26 ). We also prepared their corresponding complementation recombinant strains SB22003 (i.e., ΔwsmZ3/pBS22006) and SB22005 (i.e., ΔwsmZ4/pBS22008). All strains were fermented under the same condition as for WSM production, with the CB02120-2 wild-type strain as a control. HPLC analysis of fermentation showed that production of WSMs was completely abolished in SB22002 (i.e., ΔwsmZ3) or significantly reduced in SB22004 (i.e., ΔwsmZ4), and was restored to levels comparable to that of the wild type in SB22003 and SB22005, respectively (SI Appendix, Fig. S26 ). These findings support the proposal that the WSM biosynthetic machinery utilizes propylmalonylCoA as an extender unit to install the propyl group at C12 (SI Appendix, Fig. S19 ).
Streptomyces sp. CB01635 as an Alternative LNM E1 Producer and Streptomyces sp. NRRL F-5630 and Streptomyces aureofaciens NRRL B-2183 as Alternative GNM Producers. It has been noted that strains within the same clade tend to harbor highly homologous gene clusters (Fig. 2) . For example, S. sp. CB01635 fell into the same clade as the known LNM and LNM E1 producer S. atroolivaceus S-140 and harbored a gene cluster with identical genetic organization and ∼97%/98% identity of DNA-amino acid sequences to the lnm cluster from S. atroolivaceus S-140 (Fig. 2 , clade I and SI Appendix, Table S23 ). Similarly, S. sp. NRRL F-5630 and S. aureofaciens NRRL B-2183 fell into the same clade as the GNM producer of S. sp. CB01883, and the three strains harbored a highly homologous gene cluster with identical genetic organization and ∼75%/72% identity of DNA-amino acid sequences (Fig. 2 , clade IX and SI Appendix, Table S34 ). We subjected S. sp. CB01635, S. sp. NRRL F-5630, and S. aureofaciens NRRL B-2183 to fermentation under the same condition as for LNM production (21, 22) , with S. atroolivaceus and S. sp. CB01883 as controls. LNM E1 production by S. sp. CB01635 (SI Appendix, Fig. S27 ) and GNM production by S. sp. NRRL F-5630 and S. aureofaciens NRRL B-2183 (SI Appendix, Fig. S28) were confirmed by HPLC analysis in comparison with authentic standards of LNM E1, GNM A, and GNM B, as well as HRMS analysis. These findings provided experimental evidence supporting the DUF-SH didomain sequencebased phylogeny to further streamline dereplication of the hits for the discovery of novel members of the LNM family of natural products. LNM was discovered originally from S. atroolivaceus S-140, isolated from a soil sample collected in Natori-shi, Miyagi, Japan (18, 19) and rediscovered recently from S. atroolivaceus THS-44, isolated from a soil sample collected in Baghdad, Iraq (35), while CB01635 was isolated from a soil sample collected in Guangnan County, Yunnan Province, China (SI Appendix, Table  S1 ). For the three GNM producers, CB01883, NRRL F-5630, and NRRL B-2183 were isolated from soil samples collected in Guangnan County, Yunnan Province, China, an unknown location, and Missouri, United States, respectively (SI Appendix, Fig. S2 and Table S1 ). While CB01635 closely resembles S. atroolivaceus S-140 based on selected housekeeping genes, CB01883, NRRL F-5630, and NRRL B-2183 are quite distinct (SI Appendix, Fig.  S3A ). It is fascinating that varying strains from such geographically distant locations are found to harbor nearly identical gene clusters for the production of the same natural products. Multiple producers with varying growth characteristics and genetic amenability present great opportunities for yield improvement, structural diversity, or both by applying combinatorial biosynthesis and synthetic biology strategies and methods.
Characterization of the Adenylation Proteins with Varying Amino Acid Specificities at the NRPS Loading Modules Supporting Additional
Structural Diversity for the LNM Family of Natural Products. Bioinformatics analysis of the A proteins or domains of the NRPS loading modules, according to the specificity-conferring codes for known A domains, suggested varying amino acids priming the biosynthesis of the LNM family of natural products (29, 30) (Fig.  3A and SI Appendix, Table S37 ). To provide experimental evidence supporting these predictions, we took advantage of the hydroxylamine-trapping assay to quickly scan the amino acid substrate specificities of the A proteins or domains (36) . Six representative A proteins or domains from different groups, including WsmQ and GnmS from group I, Maur_X and CB01373_Q from group II, as well as CB02613_M and CB02613_Z17, were overproduced as N-His 6 -tagged fusion proteins and purified (Fig. 3A  and SI Appendix, Fig. S29) . The six proteins were tested against an array of 22 different amino acids, including the 20 proteinogenic amino acids, D-Ala, and 1-aminocyclopropane-1-carboxylic acid (ACC), for substrate specificities. D-Ala and ACC were found to be the preferred substrates of WsmQ and GnmS, respectively, thus showing the presence of substrate variations of the A proteins in group I (Fig. 3 and SI Appendix, Fig. S29 ). These findings are consistent with the structures of WSMs and GNMs as encoded by the wsm and gnm gene clusters, respectively (Figs. 2 and 4) . S-adenosyl methionine (SAM) was also tested for GnmS but was found not to be a substrate (Fig. 3B) , indicative of a distinct pathway for ACC biosynthesis between GNM and colibactin (37) . Both Maur_X and CB01373_Q from group II were confirmed to use L-Thr as their preferred substrate as predicted by the bioinformatics analysis, while CB02613_M and CB02613_Z17 did not show any obvious activities toward any of the 22 amino acids tested, implying their utilization of other unnatural amino acids (Fig. 3 and SI Appendix, Fig. S29 and Table S37 ).
Manipulation of GNM Biosynthesis in S. sp. CB01883 Further Enriching
Structural Diversity for the LNM Family of Natural Products. Since we can manipulate GNM biosynthesis in S. sp. CB01883, as exemplified by the construction of the ΔgnmB mutant SB21001, we wished to manipulate the GNM biosynthetic machinery to further enrich structural diversity for the LNM family of natural products. GnmO, a homolog of LnmX, is predicted to be an N-acetylglucosamine deacetylase belonging to the LmbE family, and its homologs are highly conserved among all of the LNM-type biosynthetic machineries (SI Appendix, Fig. S7 and Table S28 ). Thus, we constructed both the ΔgnmO mutant strain SB21003 (SI Appendix, Figs. S9 and S30) and its complementation recombinant strain SB21004 (i.e., SB21003/pBS21007) (SI Appendix, Table S2 ). Both SB21003 and SB21004 were fermented under the same condition as for GNM production, with the CB01883 wild-type strain as a control. HPLC analysis of the fermentation revealed that GNM A production in SB21003 was nearly abolished, with a concomitant production of GNM B (2.6 mg/L) as the major metabolite, together with three additional new metabolites. GNM A production in SB21004 was restored to a level comparable to the CB01883 wild type (Fig. 4B, I , IV, and V). These findings supported GnmO playing a critical role in the conversion of GNM B, the nascent 18-membered macrolactam intermediate, into GNM A, the final product of the GNM biosynthetic machinery (SI Appendix, Fig. S9 ).
GNM B, together with the three minor metabolites, were subsequently isolated from SB21003, and the structures of the three minor metabolites, named GNM B1, B2, and B3, were established on the basis of HRMS and 1D and 2D NMR analysis (Fig. 4C and SI Appendix, Figs. S10 and S31-S33 and Tables S39 and S44) . GNM B features the same SH group at C3 as LNM E1, which is known to exert its DNA alkylation activity via an episulfonium ion intermediate upon oxidative activation and, in the absence of DNA, could undergo facile rearrangements to afford various products bearing the characteristic tetrahydrothiopyran ring system (28) . The coisolation of GNM B1, B2, and B3, together with GNM B as the major metabolite from SB21003, therefore suggested that they could be derived from adventitious oxidation of GNM B during the fermentation or isolation process. Thus, to confirm the intermediacy of GNM B in the formation of GNM B1, B2, and B3, we treated GNM B with H 2 O 2 in acetone and indeed found the formation of GNM B1 and B3 as major products (SI Appendix, Fig. S34 A and B) . When the reaction was performed in methanol, GNM B2 was detected as the major product, together with GNM B1 and B3 (SI Appendix, Fig. S34 A and C) . The similar reactivity toward oxidants and product distribution The LNM-type biosynthetic machineries, featuring a hybrid NRPS-AT-less type I PKS with varying substrate specificity and modification domains, to account for the structural diversity found within the LNM family of natural products. Domains marked with red dotted circles vary among the machineries. Gaps between domains denote protein boundaries, with red dotted lines denoting that the two domains (enzymes) are fused in some of the machineries. (B) A composite structure depicting varying features of the LNM family of natural products that could be correlated with different modules shown with colored squares. Those marked with asterisks denote the structural motifs that have been discovered from the structures of LNMs, GNMs, and WSMs. (C) A mosaic view of the structural diversity of the LNM family of natural products, highlighting Nature's intrinsic use of combinatorial biosynthesis. The roman numerals (I-V, VII-XVIII) represent the 17 different clades of potential producers of LNM-type natural products ( Fig. 2A) .
thereof between GNM B and LNM E1 would support that GNM B, like LNM E1 (SI Appendix, Fig. S1C ), could be similarly activated upon exposure to ROS, hence serving as a promising anticancer drug lead targeting cancer cells known to be under high cellular oxidative stress (28) . Discussion Nature's ability to generate diverse natural products from simple building blocks, by evolving modular biosynthetic machineries in a combinatorial fashion, has provided inspiration for natural product biosynthesis (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . By manipulating Nature's biosynthetic machineries, the knowledge-based approach to combinatorial biosynthesis has allowed the production of designer natural products and their analogs by rational metabolic pathway engineering and microbial fermentation (5) (6) (7) (8) (9) (10) (11) . While successful, structural alterations engineered into the parent natural product scaffolds are often limited and very minor, and the designer natural products and their analogs are often produced in compromised titers (38, 39) . This should not come as a surprise, given the fact that the biosynthetic machinery has been optimized by evolution to specifically produce the parent natural product. In this context, the discovery-based approach to combinatorial biosynthesis complements the knowledge-based approach by exploring the vast combinatorial biosynthesis repertoire found in Nature (10) (11) (12) (13) (14) (15) (16) (17) . The power of combinatorial biosynthesis by discovery is therefore the ability to probe Nature for a targeted structural motif while allowing the rest of the natural product scaffolds to change. Depending on the structural motifs targeted, the discovery-based approach could result in the discovery of natural products with similar core scaffolds but varying modifications or peripheral moieties, as exemplified by the LNM family of natural products reported in this study, or completely distinct scaffolds that share only the targeted motifs (11, (14) (15) (16) (17) . Since these biosynthetic machineries are the result of Nature's combinatorial biosynthesis, they have been evolved to produce the specific natural products efficiently. They therefore provide outstanding opportunities to dissect biosynthetic strategies and learn from Nature how to efficiently practice combinatorial biosynthesis for natural product structural diversity.
LNM was discovered by the traditional grind-and-find approach nearly 30 y ago (18, 19) . With the exception of an alternative LNM producer (35) , no LNM analog has been discovered in the past three decades. The unique molecular architecture of LNM remained unprecedented in any other natural products until the current study as exemplified by the GNMs and WSMs (Figs. 1 and 4) . The lnm gene cluster was cloned and sequenced from S. atroolivaceus S-140 in 2003 (21, 22) , and significant progress has been made since in characterizing the LNM biosynthetic machinery (23) (24) (25) (26) (27) (28) (29) . However, despite great efforts, the knowledge-based approach to combinatorial biosynthesis for LNM structural diversity by manipulating the LNM machinery has met with limited success to date (25, 28) . It is therefore remarkable that the discovery-based approach in this study by exploiting Nature's combinatorial biosynthesis repertoire has resulted in the discovery of a family of LNM-type natural products (Fig. 1) . Modeled on LNM, GNM, and WSM biosynthesis (SI Appendix, Figs. S1, S9, and S19), one could now start to piece together parts from the LNM-type biosynthetic machineries to construct a combinatorial biosynthetic platform to account for how Nature generates structural diversity for the LNM family of natural products (Fig. 5) . Thus, the modularity of the LNM-type biosynthetic machineries sets the stage for Nature to practice combinatorial biosynthesis. Each module has its own evolutionary route to generate variants, as exemplified by changing the substrate specificities (e.g., starter unit for NRPS module-1 or extender unit for PKS module-3) or by varying modifications of the growing polyketide intermediates (e.g., α-or β-modifications for PKS module-3 and -6 or PKS module-5, -6, -7, and -8, respectively) (Fig. 5A) . Combinations of the varying modules afford the biosynthesis of the LNM family of natural products, as exemplified by LNMs, GNMs, and WSMs (Figs. 1 and 5B). It is clear that Nature's full combinatorial biosynthetic potential, in a Lego analogy (Fig. 5C ), has just begun to be appreciated (23, 40, 41) . Innovative strategies and technologies are now needed to discover these novel natural products.
The LNM-type biosynthetic machineries also provide opportunities to unveil new chemistry and enzymology for natural product biosynthesis and to exploit the LNM family of natural products for drug discovery. For example, the GNMs feature ACC (Fig. 4C) , a rare building block found in microbial natural products. While ACC biosynthesis in plants has been wellcharacterized (42), little is known about ACC biosynthesis in bacteria. A recent study revealed a PCP-tethered SAM as a key intermediate for biosynthesis of the ACC moiety of colibactin in Escherichia coli (37) . The fact that ACC is directly activated and incorporated into GNMs by GnmS (Fig. 3B ) would argue for a distinct pathway for ACC biosynthesis in S. sp. CB01883 (SI Appendix, Fig. S9 ). The WSMs feature a propyl branch at C12 (Fig. 4G) , indicative that the WSM type I AT-less PKS is capable of selectively incorporating both malonyl-and propylmalonylCoAs as extender units in WSM biosynthesis. The WSM type I PKS joins a growing family of AT-less PKSs that are capable of incorporating multiple extender units in polyketide biosynthesis, whose utility in combinatorial biosynthesis has just begun to be appreciated (22, 23, 43) . Most intriguing is the finding that both GNMs and WSMs feature a 3S configuration (Fig. 4 D and H) , which is opposite to the 3R configuration of LNM E2 (28) (Fig.  4E) . Discovery of the DUF-SH didomain from the LNM biosynthetic machinery unveiled a new family of PKS domains, expanding the chemistry and enzymology of PKSs (27) . Comparative characterization of the DUF-SH didomains from the GNM, WSM, and LNM biosynthetic machineries has now promised to reveal new insights into the stereochemistry for β-thiol branching in polyketide biosynthesis. Finally, both LNM and LNM E1 have been pursued as promising anticancer drug leads, with distinct modes of action (20, 28 ), yet few analogs of LNM or LNM E1 are available for structure-activity relationship studies (44) (45) (46) (47) . The LNM family of natural products discovered in the current study therefore sets the stage to investigate their structure-activity relationship by exploring the new natural products directly or applying combinatorial biosynthetic strategies to the biosynthetic machineries to further enrich their structural diversity.
Materials and Methods
Materials, methods, and detailed experimental procedures are provided in SI Appendix. SI Appendix tables include: the summary of taxonomy, geographic origin, and genome sequence information of the 49 hit strains (SI Appendix, Table S1 ); strains, plasmids, and primers used (SI Appendix, Tables S2 and S3); annotation of the 19 lnm-type gene clusters from public databases (SI Appendix, Tables S4-S22); the 9 lnm-type gene clusters from the strain collection at TSRI (SI Appendix, Tables S23-S31); comparison of the lnm-type gene clusters within the same clades (SI Appendix, Tables S32-S36); amino acid substrate specificity for the A proteins or domains predicted according to the NRPS codes (SI Appendix, Table S37); and 1 H and 13 C NMR data of GNMs and WSMs, as well as the PGME derivatives of GNM B2, WSM A1, and LNM E1 (SI Appendix, Tables S38-S44) . SI Appendix figures include: the proposed biosynthetic pathway and modes of action for LNM and LNM E1 (SI Appendix , Fig. S1 ); scheme depicting the discovery-based approach to the LNM family of natural products by genome mining of the DUF-SH didomains (SI Appendix , Fig. S2 ); phylogenetic analysis of the hits based on the DNA sequences of selected housekeeping genes, amino acid sequences of their DUF-SH domains, and organization and the proposed or identified nascent 18-membered macrolactams of LNM-type biosynthetic machineries from 17 distinct clades (SI Appendix , Fig. S3) ; proposed pathways for β-alkylation in the biosynthesis of the LNM family of natural products (SI Appendix , Fig. S4 ); predicting substrate specificity of HCSs by phylogenetic analysis (SI Appendix , Fig. S5) ; correlation between DUF-SH domains and the substrates for β-alkylation at C3 by phylogenetic analysis (SI Appendix , Fig. S6 ); GNN predicting novel chemistry for the biosynthesis of the LNM family of natural products (SI Appendix , Fig. S7) ; construction of the ΔgnmB mutant strain SB21001 in S. sp. CB01883 (SI Appendix , Fig. S8) ; proposed biosynthetic pathway for the GNMs (SI Appendix, C NMR spectra of GNM B1, B2, B3 and conversion of GNM B to GNM B1, B2, and B3 upon oxidation (SI Appendix, Figs. S31-S34 ).
